abstract: Calcium handling is critical for the oocyte function, since the first steps of fertilization are dependent on the appropriate Ca 2+ mobilization to originate transient spikes of the cytosolic Ca 2+ concentration. It is well known that the Ca 2+ influx from the extracellular milieu is required to maintain this signaling in mammalian oocytes. However, the regulation of the Ca 2+ channels involved in this process is still unknown in oocytes. STIM1, a key regulator of store-operated Ca 2+ entry (SOCE), relocates in the mouse oocyte shortly after sperm stimulation, suggesting that SOCE is involved in the maintenance of cytosolic Ca 2+ -spiking in the fertilized oocyte. Here, we show that there is an up-regulation of the expression of STIM1 at the germinal vesicle breakdown stage, and this expression remains steady during following maturation stages. We found that oocytes express ORAI1, a store-operated Ca 2+ channel, and that ORAI1 expression level was stable during oocyte maturation. Immature oocytes showed no Ca 2+ entry and no increase in STIM1-ORAI1 colocalization in response to the store depletion induced by thapsigargin. On the contrary, in mature oocytes, STIM1-ORAI1 colocalization is enhanced 3-fold by depletion of Ca 2+ stores, enabling the activation of store-operated calcium channels and therefore Ca 2+ entry. Finally, the correlation between SOCE activation during the maturation of oocytes and STIM1-ORAI1 colocalization strongly suggests that ORAI1 is involved in the Ca 2+ entry pathway in the mature oocyte. SOCE up-regulation in the final stage of maturation is further evidence of a major role for SOCE in fully mature oocytes, and therefore in Ca 2+ signaling at fertilization.
Introduction
The transient and repetitive spiking of the cytosolic Ca 2+ concentration ( [Ca 2+ ] i ) in fertilized oocytes, known as calcium waves, is a major event in cell signaling during fertilization. In mammals, the sperm -oocyte fusion releases the sperm-specific phospholipase C-z to the oocyte cytoplasm and this activity initiates the phosphoinositide signaling pathway. Consequently, the released inositol 1,4,5-trisphosphate (InsP 3 ) binds to its receptor (InsP 3 R) in the endoplasmic reticulum (ER). InsP 3 R activation releases Ca 2+ to the cytoplasm, increasing transiently [Ca 2+ ] i . This well-documented mechanism is involved in the initiation and maintenance of Ca 2+ spikes at fertilization (Malcuit et al., 2006; Whitaker, 2006) . Therefore, it is accepted that the ER, the main intracellular Ca 2+ store, is the major source of Ca 2+ in these cytosolic spikes in mammalian oocytes. In this regard, it was demonstrated that Ca 2+ waves propagate even in Ca 2+ -free solutions in the sea urchin egg (Schmidt et al., 1982; Crossley et al., 1988) , weakening the possibilities of the participation of any influx pathway of extracellular Ca 2+ . However, in mammalian oocytes, Ca 2+ influx is required to preserve Ca 2+ spiking during fertilization (Igusa and Miyazaki, 1983; Kline and Kline, 1992) , suggesting a different molecular mechanism for the preservation of the Ca 2+ waves in mammals. Indeed, it has been suggested that the continuous Ca 2+ influx plays a role in refilling the ER, maintaining Ca 2+ oscillations in mammalian oocytes during fertilization (Mohri et al., 2001) . The most important mechanism responsible for the Ca 2+ entry to replenish intraluminal levels is the store-operated Ca 2+ entry (SOCE), which is tightly regulated by the status of the [Ca 2+ ] within the ER the luminal space of the ER (Williams et al., 2002) . Upon ER depletion, STIM1 aggregates, and activates a series of calcium channels in the plasma membrane (Liou et al., 2005; Roos et al., 2005; Zhang et al., 2005) , including the family of transient receptor potential canonical channels Yuan et al., 2007) and ORAI1, also called calcium release-activated calcium modulator 1, or CRACM1 Li et al., 2007) , suggesting that these channels may be acting as store-operated calcium channels (SOCs). However, the presence of endogenous ORAI1 and its possible role in Ca 2+ signaling has yet to be described in mammalian oocytes.
On the other hand, the mechanisms involved in the control of Ca 2+ spikes at fertilization are strictly optimized during meiotic maturation of the oocyte, i.e. in the transition from immature germinal vesicle (GV) to fully mature oocyte (MII oocytes). Moreover, maturation progress is accompanied by a significant increase in the ER Ca 2+ concentration (Jones et al., 1995) , which is required for the repetitive cytosolic Ca 2+ spiking at fertilization. On the contrary, immature oocytes are not competent for this repetitive spiking and they show only a few cytosolic Ca 2+ transients when they are stimulated with sperm (Mehlmann and Kline, 1994; Jones et al., 1995) . In mammalian oocytes, still little is known about SOCE regulation. We have proposed that SOCE might play a major role in sustaining Ca 2+ signaling in mature mammalian oocytes during fertilization (Gomez-Fernandez et al., 2009) . In mouse MII oocytes, endogenous STIM1 relocates in response to the ER depletion. Moreover, sperm-induced relocalization of STIM1 in oocytes was concomitant with the generation of the initial Ca 2+ spikes after sperm fusion, supporting a role for SOCE at fertilization (Gomez-Fernandez et al., 2009) . However, it has not been described whether SOCE is active during maturation of mammalian oocytes. The aim of the present work was therefore to study the occurrence of SOCE in maturing oocytes by means of the monitoring of Ca 2+ entry in fura-2-loaded oocytes. In addition, the expression profile of STIM1 and ORAI1 at the RNA transcripts and protein level was evaluated by quantitative real-time PCR and western blotting, respectively. Finally, subcellular localization of STIM1 and ORAI1 was studied in different stages of maturation of mammalian oocytes by immunofluorescence, in order to evaluate the role of SOCE for Ca 2+ signaling in the oocyte function. 
Materials and Methods

Animals
Oocyte collection and in vitro maturation
MII oocytes and GV were collected from 8-to 12 week-old B6D2F1 mice as reported previously (Gomez-Fernandez et al., 2009) . For MII oocyte collection, mice were stimulated with intraperitoneal (i.p.) injections of 7.5 IU eCG and 49 h later with 10 IU hCG. After 14 h, cumulus-oocyte complexes were collected from the ampulla of the oviduct and denuded mechanically in HTF medium supplemented with hyaluronidase (150 U/ml). GVs were collected 46 h after i.p. injection of 7.5 IU eCG. Ovaries from these mice were treated with hyaluronidase (150 U/ml) and collagenase (0.5 mg/ml) in HTF medium. Oocytes at the GV breakdown (GVBD) stage, or prometaphase I, were obtained after in vitro culture of GVs for 2 -4 h; MI oocytes, after in vitro culture of GVs for 8 -10 h; MII after overnight culture in HTF medium a 95% air/5% CO 2 controlled atmosphere at 378C, as reported in Gomez-Fernandez et al. (2009) . [Ca 21 ] i measurement and SOCE activation [Ca 2+ ] i was measured in fura-2-loaded oocytes, as we reported previously for human and mouse oocytes (Martin-Romero et al., 2008; GomezFernandez et al., 2009 ) with an inverted microscope Nikon TE2000-U equipped with micro-incubation platform DH-40i (Warner Instruments, Inc., Hamden, CT, USA) at 378C. Ratio fluorescence images were obtained with excitation filters of 340 and 380 nm, a 510 nm dichroic mirror and a 520 nm emission filter (Semrock, Rochester, NY, USA). Digital images were taken with a Hamamatsu C9100-02 electron multiplier CCD camera, under the control of Metafluor fluorescence imaging software (Molecular Devices, Downingtown, PA, USA). ER depletion was achieved by short incubation of oocytes with 5 mM Tg, a specific inhibitor of the sarco(endo)plasmic reticulum Ca 2+ -ATPase (Thastrup et al., 1990) in EGTA-buffered Ca 2+ -free Hanks balanced salt solution (HBSS). The subsequent activation of SOCE was confirmed by the addition of 5 mM Ca 2+ (Pozo-Guisado et al., 2010) .
RNA isolation and RT -PCR
Total RNA was purified from 100 oocyte lysates, as described in Stein and Svoboda (2006) with modifications. Oocytes were washed in HBSS and transferred in a maximum volume of 10 ml to a tube containing 100 ml of lysis buffer (4 M guanidine thiocyanate, 0.5% N-lauroyl sarcosine, 0.1 M b-mercaptoethanol, 25 mM sodium citrate, pH 7.4). The sample was vortexed and 10 mg of RNA carrier (yeast RNA) was added before storage at 2808C until use. Acetic acid/sodium acetate/ethanol (60 mM/0.12 M/50%, respectively) were added to the thawed samples to precipitate total RNA overnight at 2808C. RNA was pelleted at 14 000g for 20 min at 48C, and the pellet was washed twice with ice-cold 70% ethanol, air-dried and dissolved in 20 ml of DEPC-treated water before incubation with 1 U of RQ1 RNase-free DNase for 30 min at 378C. Then, RNA was isolated after a standard phenol/chloroform procedure, and pelleted with sodium acetate/ethanol. The air-dried pellet was then dissolved in 20 ml of DEPC-treated water and stored at 2808C. Retrotranscription (RT) from 5 ml of total RNA was performed with PrimeScript retrotranscriptase, using random decamers to prime the enzyme. Aliquots of 3 ml of this RT reaction were used as templates for PCR with AmpliTaq Gold DNA polymerase with the following primers:
′ -CTGATCATGAGGGCAAACAG. Annea ling, extension and total number of cycles for both transcripts were: 558C for 30 s, 728C for 50 s, 32-34 cycles. Amplicon for Stim1 was 302, and 238 bp for Orai1.
Quantitative real-time PCR was performed with the SYBR Premix Ex Taq (Takara) in an Applied Biosystems 7300 Real-Time PCR System, using the primers described above. Quantitative relative method was used and the housekeeping gene was Gapdh, with the following primers: Gapdh forward 5 ′ -TGAAGCAGGCATCTGAGGG; Gapdh reverse 5 ′ -CGAAGGTGCAAGACTCGGAG.
Immunoblot
STIM1 immunoblot was performed using lysates of 50 oocytes per sample, prepared as reported in Gomez-Fernandez et al. (2009) . Oocytes were washed thoroughly in HBSS, and frozen in 5 ml HBSS at 2808C until use. Thawed and denatured samples were loaded onto NuPAGE 4 -12% acrylamide Bis -Tris gels. After electroblotting, nitrocellulose membranes were blocked for 1 h at room temperature in TBS-T (Trisbuffered saline buffer, pH 7.5, with 0.2% Tween-20) containing 10% (w/ v) non-fat milk. Membranes were incubated overnight at 48C with 1 mg/ ml anti-STIM1 antibody diluted in blocking solution. Anti-rabbit immunoglobulin G (IgG) horseradish peroxidase (HRP)-conjugated secondary antibody was used at 1:25 000 dilution for 1 h at room temperature. Luminol substrate was added and membranes were exposed for 1 -5 min to Kodak BioMax Light Films. Developed films were scanned and the signal was quantified by volumetric integration using the Quantity One software package (Bio-Rad). ORAI1 immunoblots were performed as described previously (PozoGuisado et al., 2010), with a rabbit polyclonal anti-ORAI1 antibody (0.67 mg/ml) in TBS-T with 5% non-fat milk, overnight at 48C. Anti-rabbit HRP-conjugated IgG was used as indicated above.
Immunoblot for phosphorylated ERK1/2 (MAPK p42/p44) was performed as described previously (Pozo-Guisado et al., 2010) . Briefly, an overnight incubation with anti-phospho-ERK1/2 diluted in TBS-T (1:1000) containing 5% bovine serum albumin (BSA) was followed by a short incubation (1 h) with anti-rabbit IgG HRP-conjugated secondary antibody. After developing with luminol substrate, membranes were stripped, blocked with 10% non-fat milk and assessed for total ERK1/2 with the anti-ERK1/2 that recognizes both the phosphorylated and the nonphosphorylated ERK1/2.
Loading controls were performed for the determination of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) protein levels. Membranes were stripped, blocked and incubated with the anti-GAPDH antibody (0.33 mg/ml) in TBS-T with 2% (w/v) non-fat milk for 1 h at room temperature, followed by incubation with anti-mouse IgG HRP-conjugated antibody for 1 h at room temperature.
Immunofluorescence localization
Oocytes were fixed in 4% paraformaldehyde for 10 min at room temperature, and briefly exposed to Tyrode's acidified solution in order to remove zona pellucida. Then they were permeabilized with 0.1% saponin for 10 min and incubated in blocking solution [0.1 M glycine in phosphatebuffered saline (PBS), pH 7.4, supplemented with 5% BSA] for 1 h at room temperature. They were incubated overnight with anti-STIM1 antibody (20 mg/ml) diluted in blocking solution at 48C and then incubated for 20 min with anti-rabbit IgG antibody labeled with Alexa Fluor-488 diluted 1:500 at room temperature.
ORAI1 immunolocalization was performed following a similar protocol, with an overnight incubation with a goat polyclonal anti-ORAI1 antibody (20 mg/ml) diluted in blocking solution (0.1 M glycine in PBS, pH 7.4, supplemented with 10% BSA) at 48C. Then, oocytes were incubated for 20 min with anti-goat IgG antibody labeled with Alexa Fluor-594 diluted 1:100 at room temperature.
After immunostaining, samples were visualized by confocal microscopy with a Plan APO 63× (NA 1.40) oil immersion objective in a Leica TCS SP5 system or with a Plan APO 60× (NA 1.2) water immersion objective in an FV1000 Olympus system. Scanning was performed with 0.67 -2 mm z-sectioning of the oocyte, with all confocal sections being combined into a single image. Colocalization of STIM1 and ORAI1 was analyzed with all the sections of the oocytes. The images were taken sequentially for both channels (green and red) with argon and helium -neon lasers, respectively. Colocalization was evaluated with LAS AF and Fluoview FV1000 software, using (i) the Pearson's correlation and (ii) the overlap coefficients to indicate the extent of colocalization. 
Buffers and solvents
Results
Meiotic up-regulation of SOCE in mouse oocytes
In order to study the occurrence of SOCE in mouse oocytes during meiotic progression, fura-2-loaded oocytes were treated with Tg during 30 min in Ca 2+ -free medium assay. (Fig. 1C) , two well-known inhibitors of this Ca 2+ entry pathway (Jan et al., 1999; Zhang et al., 1999; Gutierrez-Martin et al., 2005; Yang et al., 2009) . However, oocytes at the GV, GVBD or at MI stage did not show a significant Ca 2+ entry triggered by store depletion (Fig. 1A and B) . Oocytes at the GV stage were cultured in vitro to induce spontaneous resumption of meiosis, as we reported previously (Gomez-Fernandez et al., 2009) . Several observations were indicative of a proper in vitro maturation progress in our experiments: first, the nuclear maturation observed after chromosomal staining of the oocytes with DAPI ( Fig. 2A) . Secondly, the cytosolic maturation observed by monitoring the activation of ERK1/2 (MAPK p42/p44). ERK1/2 is activated through phosphorylation of the activation T-loop residues Th202/Tyr204 and Thr185/Tyr187 (Rubinfeld and Seger, 2005) , and we found that phospho-ERK1/2 levels rose significantly at the GVDB stage, without any significant variation of the total ERK1/2 (Fig. 2B ), in agreement with the observed changes of MAPK activity during spontaneous meiotic maturation (Fan and Sun, 2004) . Finally, the transient increase in [Ca 2+ ] i after addition of Tg, which is monitoring the emptying of the ER, increased significantly during meiotic progression (Fig. 2C ). This result is in agreement with reports of increased Ca 2+ release induced by Tg or ionomycin in maturing oocytes (Jones et al., 1995) . In sum, these results validate the in vitro maturation method used in the present study. Therefore, our data demonstrate the occurrence of SOCE in MII oocytes only, and the level of SOCE in MII oocytes after in vitro maturation was very similar to that observed with in vivo matured oocytes (Fig. 1B) . The sharp increase in SOCE observed during the maturation of oocytes from stages MI to MII buttresses the proposal that SOCE is required in fully mature oocytes for Ca 2+ signaling at fertilization, but it is dispensable in immature oocytes. 
SOCE up-regulation in maturing oocytes
Expression of STIM1 and ORAI1 in mouse oocytes
To study the molecular basis of the up-regulation of SOCE in maturing oocytes, we began by focusing on the expression levels of STIM1, a key regulator of SOCE, at different stages of maturation. RT followed by end-point PCR, using total RNA isolated from oocytes at different stages of maturation, indicated that Stim1 transcripts were expressed in all the stages under study (Fig. 3A) . The analysis of Stim1 levels by quantitative real-time PCR revealed a low level of Stim1 transcript in GV, and a sharp 10-to 12-fold increase in transcript level at the GVBD stage (Fig. 3B) . At the MII stage, Stim1 transcripts decreased, but this level remained significantly higher than in GV. Accordingly with these results, STIM1 protein levels showed a very low expression in GV, followed by a sharp increase in STIM1 expression at the GVBD (Fig. 3C) . The intracellular marker GAPDH was used in these experiments as a loading control, since it is known that the expression level Rabbit anti-phospho-ERK1/2 antibody was used at 1:1000 dilution, followed by HRP-conjugated anti-IgG at 1:25 000 dilution. Then, the membrane was stripped and reprobed with the anti-ERK1/2 antibody (1:1000 dilution), followed by HRP-conjugated anti-IgG. (C) Fura-2-loaded oocytes were incubated with 5 mM Tg in Ca 2+ -free HBSS and the ratio F 340 /F 380 was measured during this incubation.
Results from oocytes at different stages of maturation are plotted as follows: GV, black; GVBD, blue; MI, green and MII, red. The number of oocytes used was at least 24 per condition, from four independent experiments. (A) GV, GVBD, MI and MII oocytes were retrieved as described in the Materials and Methods section. One hundred oocytes were used for total RNA isolation and RT with PrimeScript Reverse Transcriptase and random primers. An aliquot from this RT reaction was used for end-point PCR. Total RNA from in utero embryos at Day 15 (1 mg) was used as a positive control of this amplification reaction (E15). An RT sample with MII oocytes without retrancriptase (-RT) was used as a negative control. Amplicon for Stim1 was 302 bp.
(B) Analysis of Stim1 levels by quantitative real-time PCR at different stages of maturation. (C) Fifty oocytes per lane were used for SDS -PAGE and immunoblot. Rabbit polyclonal anti-STIM1 antibody was used at 1:1000 dilution, followed by HRP-conjugated anti-IgG at 1:25 000 dilution. Then, the lower fraction of the membrane was stripped and assessed for the expression of GAPDH as a loading control, using an anti-GAPDH antibody at 1:5000 dilution.
of GAPDH remains constant during oocyte maturation (GomezFernandez et al., 2009) . To look further into the molecular mechanism of SOCE in maturing oocytes, we studied the expression of ORAI1, a plasma membrane Ca 2+ channel that has been described to act as SOC in other cell types (Feske et al., 2006; Soboloff et al., 2006; Vig et al., 2006; Yeromin et al., 2006) including Xenopus oocytes (Yu et al., 2009) . Orai1 transcripts were found in all stages of maturation of the mouse oocytes (Fig. 4A) . Similar to what we have described for Stim1, there is an up-regulation of Orai1 transcript levels at the GVBD, although in this case the increase was 3-fold (Fig. 4B) . However, immunoblotting experiments revealed a steady expression of ORAI1 protein during meiotic progression (Fig. 4C) , suggesting that STIM1 protein levels, but not ORAI1 expression, could be limiting the accomplishment of SOCE in GV due to the restricted amount of STIM1 in this stage.
Cellular distribution of STIM1 and ORAI1 during maturation
Because not only the expression but also the subcellular localization of STIM1 and ORAI1 are critical for SOCE activation, we studied the distribution of these proteins in maturing oocytes. Immunolocalization experiments confirmed that the expression of STIM1 was much lower in GV oocytes than in the following developmental stages (Fig. 5A ), in agreement with the immunoblot results described above. The signal observed in GV was comparable with the background in control experiments without anti-STIM1 antibody (data not shown). In MII oocytes, this ER-resident protein was found restricted in clusters of 1-2 mm of diameter in the periphery of the cell, with a profile consistent with the distribution of the ER in fully mature oocytes (Mehlmann et al., 1995) , where InsP 3 R accumulate (Mehlmann et al., 1996; Kline et al., 1999) , together with other ER-resident proteins, such as calreticulin (Gomez-Fernandez et al., 2009 ). Although it is well known that a significant fraction of the ER in immature oocytes surrounds the meiotic spindle (FitzHarris et al., 2007) , STIM1 was found only in the periphery of immature oocytes, i.e. in the cortical fraction of the ER. Moreover, the density of STIM1 protein showed a dynamic correlation with the maturation progress. STIM1 was distributed homogeneously throughout the periphery of the cell in GVBD and MI oocytes. The density of this protein increased in MII oocytes, where STIM1 reached a high degree of clustering in mature oocytes only. Coherent with its plasma membrane-resident protein nature, ORAI1 was restricted to the periphery of the oocyte, where it was found uniformly distributed at GV, GVBD and MI stages (Fig. 5B) . The fluorescence intensity of the immunostaining of ORAI1 was steady during maturation. This result was consistent with the immunoblot described above (Fig. 4C) , further supporting the conclusion that ORAI1 protein levels remain constant during the maturation of mouse oocytes. ORAI1 was found with a scattered distribution in the plasma membrane in immature oocytes, reaching a marked level of clustering like that observed for STIM1 in MII oocytes.
Functional response of STIM1 and ORAI1 to ER depletion
Monitoring STIM1 -ORAI1 colocalization by immunofluorescence in oocytes under ER depletion was the next strategy to clarify the regulation of SOCE in maturing oocytes. Figure 6A shows that the location of STIM1 and ORAI1 was close each other, distributed in clusters in the cortex of the oocyte. Indeed, the detailed analysis of the overlap coefficient and the Pearson's correlation revealed a significant but low level of STIM1 -ORAI1 colocalization under resting conditions. Using a short incubation in Ca 2+ -free medium supplemented with Tg, we observed that the 1-2 mm clustering of STIM1 in resting MII oocytes was replaced by the mobilization of the protein to cover the entire cell periphery in larger clusters (Fig. 6A) . In parallel, the distribution of ORAI1 followed a similar alteration after store depletion, i.e. a spreading of ORAI1 throughout the periphery of mature oocytes, matching well STIM1 distribution. More interestingly, Pearson's correlation and the overlap coefficients for STIM1-ORAI1 increased during the treatment with Tg, i.e. store depletion induces a significant increase in the binding of STIM1 to ORAI1 in MII oocytes (Fig. 6B) . However, there was no increase in STIM1 - Rabbit polyclonal anti-ORAI1 antibody was used at 1:300 dilution, followed by HRP-conjugated anti-IgG at 1:25 000. As in Fig. 3 , the expression of GAPDH was assessed as a loading control.
ORAI1 colocalization in MI oocytes in response to store depletion, as indicated by these quantitative measurements. The low STIM1-ORAI1 colocalization under store depletion conditions in immature oocytes gives explanation to the lack of SOCE at immature stages before the completion of maturation. Consequently, there is a good correlation between STIM1-ORAI1 colocalization and the occurrence of SOCE. Because it is assumed that STIM1 is required to activate SOCs, our results suggest that ORAI1 is acting as an SOC channel in the mature oocyte, although these results do not discard the participation of additional Ca 2+ channels to this Ca 2+ entry pathway in the mature oocyte.
Discussion
In the present work, we have studied the regulation of SOCE during meiotic maturation of mouse oocytes, and we describe a novel observation, the lack of active SOCE in immature oocytes. On the contrary, mature oocytes show remarkable SOCE, i.e. Ca 2+ entry triggered after Ca 2+ store depletion that can be blocked by classical SOCE inhibitors. The up-regulation of SOCE in mammalian oocytes has an important impact in the physiology of the oocyte, because it can explain the differential behavior of immature and mature oocytes in response to sperm. In particular, immature oocytes show only a few cytosolic Ca 2+ oscillations in response to sperm stimulation (Jones et al., 1995; Cheung et al., 2000) , whereas fully mature oocytes activate a series of cytosolic Ca 2+ oscillations after sperm fusion. oocytes, with defective SOCE as we report in this work, cannot replenish Ca 2+ levels within the ER, and this can explain the low number of cytosolic Ca 2+ oscillations generated in the immature oocyte when they are stimulated with sperm. As stated above, the participation of SOCs is essential to achieve complete activation of SOCE. We report here a detailed study of the expression at the RNA and protein level, and the localization of one of the major SOCs, ORAI1, which had not previously been described in mammalian oocytes. The maturation of the oocyte is accompanied by an increase in the Stim1 and Orai1 transcript levels at the nuclear envelope breakdown stage. Although this increase fits well with the up-regulation of STIM1 protein expression at this stage, ORAI1 is expressed at steady levels over the course of oocyte maturation, as indicated by our immunoblotting experiments. Therefore, a translational or post-translational control of transcripts occurs in maturing oocytes. Polyadenylation, microRNAs or protein degradation by the proteasome emerge as probable alternatives to explain the steady levels of STIM1 and ORAI1 proteins, but this kind of translational modulation is out of the scope of this work, and needs to be considered in future studies. The absence of STIM1 protein expression in GV oocytes that we report here can fully explain the lack of SOCE at this meiotic stage, since it is known that STIM1 is required for the activation of SOCE. Therefore, low levels of STIM1 protein expression in GV oocytes limit the extent of SOCE at this particular stage. Although in GVBD or MI oocytes, the expression of STIM1 and ORAI1 proteins is as high as in MII oocytes, immature oocytes cannot activate SOCE. The explanation for this SOCE deficiency in immature oocytes is based on the absence of colocalization between STIM1 and ORAI1 in response to store depletion. In this work, we induced store depletion with Tg, and this depletion enhanced the binding of STIM1 to ORAI1 in MII oocytes, therefore activating SOCE. STIM1-ORAI1 relocalization in response to store depletion was similar to STIM1 relocalization observed in mouse oocytes at fertilization (GomezFernandez et al., 2009) , an additional evidence that SOCE is activated in mature oocytes when they are stimulated with sperm. However, in immature oocytes, there is no increase in STIM1-ORAI1 colocalization during the treatment with Tg, demonstrating that SOCE is not activated in immature oocytes because there is no proper binding of STIM1 to ORAI1. It should be highlighted here that we intentionally studied the localization of endogenous proteins. Recombinant tagged proteins, such as HA-, CFP-or GFP-proteins, are useful to study the localization of scarce proteins or to study the role of specific residues within proteins, but STIM1 and ORAI1 were found at high levels in oocytes. On the other hand, overexpression of proteins as a result of microinjected cRNAs in oocytes may alter the physiological STIM1/ ORAI1 ratio, with unknown consequences. Moreover, tagged proteins do not often share common behavior with native endogenous proteins and it has been proposed that the trafficking of STIM1 to the plasma membrane may be perturbed by protein tags (Cahalan, 2009) . It is known that 20 -25% of total endogenous STIM1 is found in the plasma membrane in somatic cells (Manji et al., 2000; Zhang et al., 2005; Hewavitharana et al., 2008) . However, C-terminal CFP-tagged STIM1 remains restricted to the ER without detectable externalization under store depletion conditions (Hauser and Tsien, 2007) , in contrast to what is found for endogenous non-tagged protein (Manji et al., 2000; Zhang et al., 2005) . Therefore, we consider that the monitoring of endogenous STIM1 and ORAI1 proteins in oocytes offers invaluable data to the study of Ca 2+ signaling in these cells.
Because there is a good positive correlation between STIM1 -ORAI1 colocalization and SOCE activation during meiotic progression, our results strongly suggest that both proteins are involved in the activation of SOCE in mature oocytes. Therefore, our results strongly support that ORAI1 is a major candidate to act as SOC in oocytes. However, we do not exclude the participation of additional Ca 2+ channels that might act together with ORAI1 to form active SOCs in oocytes. Moreover, our study reveals that SOCE can be used as a molecular marker for mouse oocyte maturation, because of the strong correlation between maturation and SOCE activation.
A recent report from our laboratory demonstrated that phosphorylation of STIM1 at ERK1/2 target sites (i.e. in serine residues 575, 608 and 621) is required for full activation of SOCE (Pozo-Guisado et al., 2010) . Therefore, posttranslational modifications of STIM1, such as phosphorylation, could explain the up-regulation of SOCE in mature oocytes. Because ERK1/2 activity increases during oocyte maturation (Fan and Sun, 2004) , it is possible that STIM1 phosphorylation by ERK1/2 could explain the up-regulation of SOCE during maturation. On the other hand, it has recently been shown that full activation of SOCE requires a conformational change in STIM1, to open an auto-inhibitory domain (Korzeniowski et al., 2011; Muik et al., 2011) . Whether the lack of SOCE in immature oocytes is due to the absence of this conformational modification in STIM1 or due to a constitutive dephosphorylation of STIM1 needs to be clarified in future studies.
In sum, it can be concluded from our results that during meiotic progression, there is an increased capability to respond to store depletion by means of the activation of SOC channels, at least ORAI1. This activation is carried out by STIM1, which binds to ORAI1 significantly only in fully mature oocytes, making possible the refilling of the ER, an essential event at fertilization.
